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The presentpaperdescribesa three-dimensionalhydrodynamicalnumerical
modelof theNorthernAdriatic.The modelis basedontheapproachofN.S.
Heapsin whichtheintegraltransformationsareusedtoreproducethevertical
distributionof velocity.The modelis appliedto reproducethewind-induced
motionin theNorthernAdriaticduringwinter.Hydrographic,sealeveland
currentdatacollectedduringtheMEDALPEX areusedto verifythemodel
predictions.Analysisoftheempiricaldatasuggeststhattheburawindinduces
the most pronounced,althoughtransient,contributionto the Northern
Adriatic currentfield.The modelpredictionsclearlyshowthe controlling
influenceofashallowerbottomalongtheItaliancoast.Themodeltodatacom-
parisonsuggestsfor theeddyviscositycoefficientvalueanorderofmagnitude
lowerthanexpectedfromliteraturedata.The quadraticlawforbottomfriction
andwind-stresscurl havebeenidentifiedaspossibleimprovementsof the
model.
Introduction
The influenceofwindonforcedmotionsin theNorthernAdriaticis consideredin this
paper.There aretwo majoraspectsof this motion-namely,sea-levelchangesand
currents.Bothhavebeenstudiedpreviously,experimentallyandtheoretically,andwe
will firstbrieflyreviewtheseefforts.
The earliestreportedstudiesofsea-levelchangesin theNorthernAdriaticgobackto
theendof thenineteenthandbeginningof thetwentiethcenturyandwerelimitedto
simpledescriptiveworks (Mazelle, 1895,1896;Sterneck,1904;Kesslitz, 1911).
Apparentlythefirst researchersto relatesea-levelchangesto differentwind-related
parameterswerePolli (1968)and Mosetti & Bartole(1974).These authorswere
primarilyconcernedwith the southernwindsthatbuild up waterin theNorthern
AdriaticandoccasionallyfloodthecityofVenice.
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Mazelle(1915)wasthefirsttodiscusstheinfluenceofwindonthecurrentfieldin the
NorthernAdriatic.Studyingtherelationbetweenthesurfacecurrentsanddominant
windsheascribedacaseof astrongsouth-westcurrentto theactionof theburawind.
Recentcurrentdataanalysisby Mosetti (1972)has indicatedthe importanceof
wind-generatedcurrentsin theGulf ofTrieste.
The influenceof windon sea-levelchangeshasalsobeenstudiedtheoreticallyusing
hydrodynamicalnumericalmodels.Both one-dimensional(Accerboniet al., 1971;
Finizio etal., 1972;Tomasin,1973)andtwo-dimensionalmodels,usingeitherlinear
(Stravisi,1972,1973)orquadratic(Accerboni&Manca,1973;Michelato,1975)lawsfor
bottomfriction,wereformulated.In thesemodelstheresearchinteresthasfocusedon
sea-levelchanges,but currentfields (predictedas eithertransportsor vertically
averagedvectors)arenotreportedor commentedupon.Only Stravisi(1977)reportsa
two-dimensionalhydrodynamicalmodel study of bura-forcedcirculationin the
northernmostpartoftheAdriaticSea.
In thispaperthewind-inducedmotionin theNorthernAdriaticduringwinteris
studiedusing a three-dimensionalnumericalmodel.Hydrographic,sea-leveland
currentdatacollecteduringtheMEDiterraneanALPine EXperiment(MEDALPEX)
areanalysedin orderto understandbetterthewind influence.They arealsousedto
verifythemodelpredictions.
Model formulation
In numericalmodellingofwatermovementsin lakes,estuariesorcoastalseasvertically
integratedequationsofmotionhaveoftenbeenused,particularlyin tidalor stormsurge
models.Practicalapplicationortheoreticalinterestsometimesrequireknowledgeof the
verticalcurrentprofile.A numberof numericalmodellingeffortshavebeenmadeto
obtainthatinformationbutonecanidentifythreecharacteristicapproaches.
The first,lessoftentaken,approachis tosim~latethefull setofequationsofmotion,
numericallyapproximatingthe spatialrelationsin all threedirections(e.g.Liggett,
1970).The secondapproachis toviewthethree-dimensionalstructureof aparticular
waterbodyin termsof layers,integratingtheequationsofmotionwithineachlayer(e.g.
Leendertse& Liu, 1975).In bothoftheseapproachesratherlimitedverticalresolutionis
achieved,sowhenresolutionis importantonecantakeasemi-numericalpproachcom-
biningnumericalsolutionhorizontallywithanalyticalanalysisin theverticaldirection.
Differenttechniqueshavebeenusedto calculatethe verticalprofile;for example,
Laplacetransforms(Jelesnianski,1970;Forristall, 1974;Nihoul, 1977),Galerkin
methodusingB-splines(Davies,1977),cosines(Pearce& Cooper,1981)orpolynomials
(Davies& Owen,1979)asbasisset,andintegraltransformusingeigenfunctions(Heaps,
1972,1973).
In ourmodellingstudyof thehydrodynamicsof theNorthernAdriaticwehavetaken
thethirdapproachusingtheHeapsmethodinparticular.Althoughbreakingthevertical
profileintoeigenfunctionmodesdoesnotreducecomputationalcomplexity,itdoesseem
toofferpotentialfor substantialinsightbeyondmathematicalrtifice.Furthermore,by
startingwith solvingthelinearproblemonecanbetterincorporatexistinganalytical
understandingand, throughgradualincreaseof modelcomplexity,minimizethe
eventualintractabilityofsophisticatednumericalprediction.
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Basicequations
Assuming that the water is homogeneousand incompressible,the motion hydrostatic,
the coriolis parameterconstant,and neglectingadvectiveterms and lateral turbulent
mixing theequationsof continuityandmotion(Proudman,1953)maybewrittenas:
os 0 ih 0 ih-+- udz+- vdz=Oot ox 0 oy 0 (1)
ou os 0 ou
- - yv= -g-+-(N-)ot ox OZ oz (2)
ov Os 0 ov
- +yu= -g- +-(N-),
ot oy OZ oz
(3)
wheret denotestime;
x,y,z areCartesiancoordinates,x andy measuredhorizontallyat theundis-
turbedsurface,z ispositivedownwards;
h istheundisturbedepthofwater;
S istheelevationofthewatersurface;
u,v arethehorizontalcomponentsofcurrentatdepthz;
N isthecoefficientofverticaleddyviscosity;
y istheCoriolisparameter;and
g istheaccelerationofgravity.
In ordertosolvetheabovesystemofequationsaspecificationof initialandboundary
conditionsisnecessary.In thismodelthestateofrestisassumedinitially.
At thefreesurface(z=0):
ou OV- pN- =F and- pN- =G
OZ s oz s (4)
is requiredwherep is the densityof water,assumedto be uniform and constant;Fs and
Gsarethecomponentsof wind stressatthesurfacein x andy directions,respectively.
At theseabottom(z=h)linearslipisassumed,i.e.
ou OV
-pN- =kpuhand- pN- =kpVh,
OZ OZ
(5)
wherek is the coefficientof bottomfriction, and uh'Vharebottom valuesof horizontal
currents.
Along the solid boundaryzero normal horizontal flow is assumed,while a radiation
conditionis postulatedattheopenboundary.
Eigenfunctionmethod
The abovedefinedproblemcanbesolvedusingtheeigenfunctionmethod.A detailed
derivationanddiscussionofthemethod,alsocalledintegralandspectral,canbefoundin
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Heaps(1972,1973).Sincethemethodis somewhatunusualwefind it appropriateto
includeabriefoutlinehere.
If onedefinestransformedcurrentcomponentsas:
1ih 1ihur=- Ir (z)udzandvr=- Ir (z)vdz,h 0 h 0
wheref,.(z)isanasyetundefinedsetofr kernelsofthetransformation,onecanobtainthe
equationsof motionfor thetransformedcomponentsmultiplyingeqns(2)and(3)by
Ir(z)andintegratingwithrespectoz:
(6)
OUr O~ 1ih a au--yVr= -ga,-+- Ir(z)-(N-)dzat ax h 0 OZ oz (7)
OV, O~ 1ih a ov- +I'U,= -ga,- +- I,(z)-(N- )dz,at oy h 0 OZ OZ
wherear= l/h ff, (z)dz.
TheseequationscanbefurthersimplifiedchoosingIr(z) to beeigenfunctionsof the
followingboundaryvalueproble~:
d d/,- (N- ) =- Af,
dz dz "
(8)
(9)
d/,= 0,1,=1atz=o
dz
(10)
d/,
Nh- +kl,=Oatz=h,dz
(11)
whereAraretheeigenvaluesof theappropriateverticaleddyviscosityoperator,and/ris
Ir (z)withexplicitz-dependenceomitted.
Solvingthisproblemfor thecaseof depthindependentN andlinearslip bottom
condition,Heaps(1972,1973)obtains:
Ar=N a;/h2and/r=cosar/;, (12)
where/;isthenormalizedepth,i.e.equaltoz/h,andaristherthpositiverootofartgar
=c(c=kh/N).
Mter carryingout necessarymathematicsand applyingthe surfaceand bottom
boundaryconditionstheequationsofmotionread:
au, A" O~ F,- + A.u - '\1'1,=- ga - +-
at " 1-' ,ax ph
(13)
ov, o~ G,- +A.ii +"u =- ga - +-.
at " " ,oy ph
Definingtheinversetransformationas:
(14)
00 00
u =L A.!,andv=L B.!"r=-l r-l (15)
- --
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where,for constantN, Ar= !fIrur,Br= !fIrVr'!fir=2/(1+arcosar),andar=sin aJar, onecan
substitute (15) into (1) to obtain the equation of continuity for the transformed
components:
o~ 00
[a A a . ]- +L - (har!flrur)+-(har !fIrVr) = o.at r~l AX oy
Heaps(1972,1973)further showsthatonly finiteexpansionmaybeconsideredso that
(15)reads:
(16)
M M
U =L !fI,uJr + 6 uandv =L !fIrv,fr+ 6 v,
r=l r=l
(17)
where
6u=FsQ and 6v=GsQ (18)
2h
[
n2 M-l
Q =- (3~2- 6~+2)- - L
pNn2 12 r~l
andM is anumberof modes.
After reducingsummationin (16)to only M termsoneis leftwith 2M + 1equationsto
be solvednumericallyinsteadof the initial three[eqns(1), (2) and(3)].This increasein
thenumberof equationsis thepriceto bepayedfor thegain in verticalresolution.
cosrn~
]2 'r (19)
Numericalformulation
Numericalsolutionof the abovedefinedsetof partialdifferentialequationscanbe
accomplishedusingdifferentapproximationtechniquesand choosingamongmany
schemesreportedin theliterature.We haveusedthesameforward-time,staggered-
spacefinitedifferenceschemeproposedby Heaps(1972).This scheme,introducedby
Sielecki(1968),achievescomputationaleconomybyusingappropriate,recentcomputed
valuesandassurescomputationalstabilitybypropertreatmentof theCoriolisterm.The
sequenceof evaluationtogetherwithgeneralnotationforthegridis indicatedin Figure
1.This particulardiscretizationthenyields1+2M differencequations,namely:
M
0,(~),= - L ar!flr [ox(h" Ur)i + OyW vr)n]r=l (20)
~(t)
o.(ur),= - A~i62 (ur),+ y64 (vr)n- garox(~)i+1+ ~
, phi (21)
r=I,M
0,(vr),= - A~,i62 (vr),- Y6 4(Ur)j- garOy(~)i+n+ G~"h.:t)p i (22)
r= I,M
wherethedifferenceandaveragingoperatorsareof theform:
0,(A),=[Aj (t + 6 t) - Ai (t)] /6 t (23)
Ox(A)j = [Aj (t) - Aj_1 (t)] /6X (24)
Ox(A)i+l =[Ai+l(t + 6 t) - Ai (t + 6 t)]/6X (25)
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Figure 1. Generalnotationfor thefinite-differencegrid andsequenceof evaluation.
Symbols0, 0 and x indicateplacesin thecomputationalboxwheretheelevation,
u-componentandv-componentofvelocityarecalculatedrespectively.
by(A)n = [Aj_n(t) - Aj (t)] /!:::.y (26)
by(A)j+n= [Aj(t + !:::.t)- Aj+n(t+!:::.t)]/!:::.y (27)
!:::.2(A),=[Aj(t + !:::.t)+ Aj(t)] /2 (28)
!:::.4(A)j= [Ai-l (t + !:::.t)+ Aj(t + !:::.t)+ Aj+n-1(t + !:::.t)+ Aj+n(t+!:::.t)]/4 (29)
!:::.4(A)n = [Ai-n (t) + Aj-n+1(t) + Aj (t) + AH 1(t)] /4 (30)
The schemehas beensuccessfullyused beforein numericalmodellingstudies
(e.g.Henry & Heaps,1976).The stabilityproblemhasbeenavoidedapplyingthe
Courant-Friedrichs-Lewycriterionin theform:
!:::.x!:::.y
!:::.t~.Jghmax(!:::.~+ !:::.y2)
(31)
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Figure 2. Geometryandbottomtopographyof theNorthernAdriatic, with model
boundariesandmapofMEDALPEX stationsconsideredin theanalysis.
Nevertheless,oneshouldbearin mind thatthe originalCFL criterionhasbeen
derivedfor a simplewaveequationandthatthealternativeto formalanalysisof more
complicatedequationsof contemporaryinterestis its conservativeuseandnumerical
experimentation.
Application to theNorthern Adriatic
TheNorthernAdriaticasdefinedin thispaperisthenorth-westpartoftheAdriaticSea
boundedon thesouthby theline connectingthecitiesof Pula on theYugoslavand
PesaroontheItaliancoasts.The areaconsideredin themodelis shownin Figure2.As
canbeseenfromFigure2,partof thebasinalongtheItaliancoastismoreshallowwith
slowlychangingtopographywhereastheeasternpartalongtheYugoslavcoastis steeper
anddeeper.
Underthewinterconditions,consideredformodellingin thisstudy,thewatercolumn
is well mixedandhomogeneous(Francoet ai., 1982),whichwarrantsthe useof a
barotropicmodel.
Sincethewindstressappliedattheseasurfaceis theonlymechanismof forcing,the
winterwindfieldabovetheareahasbeenanalysedin greaterdetail.Wehaveatourdis-
posalthestatisticsonwinddirectionandmagnitudeaswellastheresultantwindsfor
Pulastation,for themonthof Januaryovera ten-yearperiod(1949-1958).Thesedata
aresummarizedin Table1aspublishedin Penzar(1977)excepthatthewinddirection
datahavebeenchangedto reflecttheoceanographicconvention.This conventionhas
beenusedthroughouthepaperfor boththewindsandcurrents.As canbeseenfrom
Table 1 the south-westwardwind dominatesin winter regardingboth frequency
andaveragespeed.This wind mostoftenhasthecharacterof a buraanddevelops
betweenthequasi-stationaryEurasiananticycloneandcyclonicdisturbancesoverthe
MediterraneanandtheAdriatic.The resultantwindsalsoreflecthepresenceofthebura
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TABLE 1. Statistical parameters describing the wind at Pula station in January
(1949-1958)
Direction
Parameter S SWWNWN NE E SE c
indicating south/south-westwardwinds of a considerablestability. The data,although
limited to just one stationon the Yugoslav coast,clearly indicatethe importanceof the
bura andjustify analysisof its influenceon watermotionsin theNorthern Adriatic.
Numericalvaluesofdifferentparameters
Boundariesof theNorth Adriaticareschematizedto fit a fieldof 31x 24 rectangular
boxesof7'5 kIn in both thex (north-eastward)andy (north-westward)irections.Con-
servativeuseof CFL criterionforthisgridsizeandmaximumdepthof 60m yields the
time incrementof 2min.For theparametersy,P andg thevaluesof 1.03x 10- 4 S- 1,
1025kg m- 3and9.81m s- 2wereused,respectively.
The wind stressattheseasurfaceis usuallydefinedas:
F, = CoP.Wx~W;+ W;andG, =CoP.wyjw; +W;, (32)
whereCoisnon-dimensionaldragcoefficient,PaisairdensityandWxandWyarexandy
componentsofthewindspeedmeasuredat10mabovewater.Differentvalueshavebeen
suggestedforthedragcoefficient.Followingreasoningof Simons(1980)wehavechosen
Co=2'5x 10-3whichtogetherwithp.=1'247kgm-3anda south-westwardwind of
5mS-1givesF.= -0,078 Nm-2 andG.=O.
WehaveassumedthatconstantN downthewatercolumnisanacceptableapproxima-
tionforwinterconditionsandalloweditshorizontalvariationtobegovernedbytherela-
tionN/h=const.whichis aconsequenceofkeepingthesamesetof eigenfunctionsand
havingthebottomfrictioncoefficientconstantoverthemodelledarea.For thevalueof
N=10-2m2s- 1,assuggestedinaprevioustudyofwinterresidualdynamicsofthearea
(Hendershott& Rizzoli,1976),andassuminganaveragedepthof40m,theN toh ratio
becomesequalto2.5x 10-4ms-1.
A linearslipbottomconditionhasalreadybeenassumed[eqn(5)].Wehaveusedthe
valueof2.5x 10-3m s-1 for thecoefficientofbottomfriction(k)asproposedbyKaese
& Tomczak(1974)in theirstudyof residualandwind-drivenwintercirculationof the
AdriaticSea.This choiceofkandN/hkeepstheparameterc=kh/Nequalto10.
Frequency(%) 3 31 11 7 4 4 7 11 22
Average speedems- 1) 1.3 4.1 2.8 3.2 2.8 1.7 1.5 1-4 0
Azimuth Speed Stability
Resultant wind
2360 1.4m s- 1 61%
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In ordertoallowradiationofwaveenergythroughtheopenboundarythenormal,in
ourcasev-component,of transportisrequestedtobeinphasewiththeelevationatthe
boundarywhichmaybewrittenas:
vh=AI.;, (33)
I ihwherev=- vdz, and A is the admittancequalto -.Jih.h 0
componentsthis condition,in simplifiedform, reducesto:
For the transformed
I/!la1V1= AI.;/h (34)
TheadmittancesA havebeencalculatedusingthedepthatappropriatepoints.
Basicnumericalexperiments
Two basicexperimentshavebeendesignedinordertounderstandbettertheinfluenceof
bottomtopography;onewithaflatbottomofanaverage40mdepthandtheotherusing
therealtopography.In bothcasesthepreviouslydescribedwindhasbeensuddenly
appliedandmaintaineduniformandconstantthroughoutthesimulation.
Sincetheonlyforcingfunctionhasbeenconstantin time,somequasi-steadycondition
shouldbeexpected.A numberof runshavebeenmadeforupto72simulatedhoursbut
it wasfoundthatareasonablysteadysituationisattainedafteronly48h.This periodof
timeis thentakentocharacterizethemodeltransientbehaviour.The fourmajoroutput
fields,namelythe sea-levelchange,verticallyaveragedcurrent,surfacecurrentand
bottomcurrent,werethenplottedandanalysed.
The sea-levelchangesfor theflatbottomcaseareplottedin Figure3(a).The steady
surfacehasa regularwindwardslope.Besidesbeingregulartheelevationchangeis
alsorathersmall.Lateraldeflectiondueto theCoriolisforceis visible.The vertically
averagedcurrentsin thiscasearealsosmall,asFigure3(b)reveals.This is onlytobe
expectedbearingin mindthatthesecurrentsarecausedby thevorticityof thewind
stress,irregularityof thebottomtopographyor openboundarycondition.So,flatbot-
tom,uniformwind stressand 'neutral' boundaryconditionin a givengeometrycan
produceonlymarginaleffects.A simplesurfacevelocityfield,consistingof thewind
drift andgradientcurrentcontributionsproperlydeflectedto the right, is givenin
Figure3(c).Figure3(d)illustratestheweaker,bottom,compensatingcurrentfield.
ThechangeintroducedbytherealtopographyisclearlyvisibleinFigure4.Theeleva-
tionchangesaremorepronouncedandlessregularasseenin Figure4(a).Dueto the
variabledepth,thewindstresscomponentparalleltothelocaldepthcontourproduced
socalledbottom-slopecurrent,asrevealedinFigure4(b).This resultconformswiththe
theoreticalresultsof Weenink(1958)andWeenink& Groen(1958).Strongercurrents
alongtheshallowerItaliancoastalzonearealsovisiblein thesurface[Figure4(c)]and
bottom[Figure4(d)]fields.Theseresultsconstitutethebasisfornumericalexperiments
inspiredandlimitedbyavailablexperimentaldata.
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Figure 5. Vertical profiles of temperature, salinity and Un obtained during
MEDALPEX atthestationoffRovinjin Marchand May 1982.
Empirical datadescriptionandanalysis
SeveralYugoslavoceanographicnstitutionsparticipatedin theAdriaticpartof the
MEDALPEX whichtookplaceinspring1982(16March-15May).Theexperimentwas
apartof theALPine EXperiment(ALPEX) - ameteorologicalprogrammetostudyair
flowoverandaroundmountains.Duringtheobservationperiodcurrentmeterrecords
wereobtainedat four stations.Each mooringcarriedtwo or threecurrentmeters.
Temperatureandsalinitydatawerecollectedonagridof 43stationsatthebeginning
andtheendof theexperiment.The longperiodelevationchanges(tidegaugedata)were
recordedatanumberofstationsalongtheYugoslavcoastwhiletheshortperiodchanges
(wavegaugedata)weremeasuredattheoil-drillingplatformin thearea.Meteorological
datawereavailablefromPulaAirport.
Not allthedatacollecteduringtheexperimenthavebeenusedeitherin ouranalysis
or in themodel-datacomparison.Selectedstationsfromwhichdatahavebeenusedare
indicatedin Figure2.The dataandthecollectionprocedurefor thosestationswill now
bepresentedir.somewhatmoredetail.
At themooringdeployedatabout20kmoffshorefromRovinj(45°03'N,13°19'E)two
AanderaaRCM 4 currentmeterswerelocated,at 8 and35m, in water40m deep.
Deploymentwas two monthsin length with the samplingintervalof 10min.
Temperatureandsalinitydatawerecollectedtwiceatthesamestation,on16Marchand
10May,usingtheInteroceanSTD probeandtakingsamplesevery5m. Sealevelhas
beenroutinelyrecordedat theRovinj station(45°05'N,13°38'E)sinceMarch 1955,
usinganA. Ou tidegauge.The stationdatacoveringthedurationof theexperiment
havebeenincludedin theMEDALPEX database.Anotherroutinelytakendataset,
namelythepressureandwinddatafromPulastation(44°54'N,13°55'E),hasalsobeen
madepartof thebase.The stationaltitudeis 63m (alsothebarographeight)andthe
anemographisplacedat10maboveground.
The temperature,salinityanddensity((iT)datagivenin Figure5 illustratethehydro-
graphicsituationin theNorthernAdriaticduringtheexperiment.At thebeginningof
theexperimentall threevariablesindicatedanearlyhomogeneouswatercolumn.That
situationischaracteristicoftheNorthernAdriaticwinterbecauseofthecoldanddryair
of Eurasianoriginthatreachestheareacausingcoolingandmixingof thewater.Two
opposingprocessesinfluencesalinity:higherevaporationworkstowardsincreasingit
andriverinerunoffs(mainlythePo river)towardsdecreasingit. However,thedensity
Temperature(OC) Salinity 00-3) (Jr
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Figure6. Band-passfiltered(cutofffrequencies-O.OI-1cpd)timeseriesof (a)wind
measuredat the Pula station,(b) adjustedlevel in Rovinj, (c) 'surface' and (d)
, bottom'currentsregisteredatthestationoffRovinj.Measurementsweremadein the
frameworkofMEDALPEX, in theinterval16March-IS May 1982.
seemsto be influencedprimarilyby thermalhomogeneity.This homogeneityis lost,
however,laterin springwhenwarmingup of thesurfacelayerbeginsandeventually
causesformationofathermocline.The thermoclinesuppressestheverticalmixingkeep-
ingthelighterfreshwaterinthesurfacelayersothatthehaloclineandpycnoclinearealso
formed.ThedatainFigure5,takeninMay,clearlyrevealthelattersituation.
The windvelocities,resolvedintonorth-westwardandnorth-eastwardcomponents
withsubdailyandsupraseasonalperiodsfilteredout,aregiveninFigure6(a).Theappli-
cationofband-passfilteringhasnotchangedthetimeseriesverymuch,sincemostofthe
windenergywasin theseveraldaysband.The timedomainanalysisoftheseriesreveals
5
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E
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Q)a.'"
""c
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threepronouncedwind impulsesthatoccurredon 21-22March, 23-24March and
13-15April, 1982.Thedominantdirectioninallthreecasesissouth-westward(negative
north-eastwardin thefigure)whichisthedirectionofbura.As canbeseenfromFigure
6,thecharacteristicmagnitudeoftheimpulseis 10ms-1.Analysisoftherelatedsynop-
ticsituations(DeutscherWetterdienst,1982)showsthatallthreecasescanbeascribedto
passagesof thecyclonicdisturbancesovertheAdriaticregion.In thefirstcasetherewas
acyclonetravellingsouth-eastwardovertheTyrrhenianSea.The secondincidenceof
burawasapparentlyrelatedtoasmallcyclonicdisturbanceovertheNorthernAdriatic
travellingeastward.The third wind impulsecoincidedwith anothereastward-going
cycloneovertheMiddleAdriatic.
Figure6(b)showstheadjustedsea-leveldatafortheRovinjstation.Theoriginaltime
serieshasbeentreatedsimilarlyto thewind data.The tidalsignalatoneendof the
frequencyspectrumandtheseasonalvariationsattheotherhavebeenremoved.Thus
filteredelevationhasalsobeencorrectedforthestaticresponsetotheatmosphericpres-
sureforcing,usingpressuredatafromPulastationreducedtosealevel.The resulting
timeserieshouldprimarilyreflecthechangesduetowind,but,asFigure6(b)suggests,
theelevationis not particularlyrelatedto localwind. It followsfromanalysisof the
synopticsituationthattheelevationis bettercorrelatedwith thenon-localwind,the
MiddleandSouthernAdriaticjugo(north-westwardwind)inparticular.Thedifference
in fetchseemstoexplainthesituation.The burablowslaterallytothemainaxisof the
Adriatic,i.e.overadistancetooshorttoproducea significantchange venwhenwind
speedsareconsiderableanddespitetherelativeshallownessof theNorthernAdriatic.
Werecallthatthemodelcorrectlyreproducedthisbehaviour[Figure4(a)].The jugo,on
theotherhand,blowsdownthemainaxisandthereforehasthefetchlongenoughto
controltheelevationchangein theNorthernAdriatic,evenwhencombinedwiththe
localbura.
The timeseriesof thecurrentsat8and35mdepthsaregivenin Figure6(c)and6(d)
respectively.The currenthasbeenresolvedintocomponentsin thesamecoordinate
systemusedforwinddecompositionandsimilarband-passfilteringhasbeenappliedto
removethetidalsignalandtheresidualcurrentcharacterizedby theseasonalperiod.
The appliedprocedurehasleftasthedominantsignalthecontributionduetothelocal
wind.Onecanobservein both' surface'and'bottom'seriespeaksofupwindcurrents
simultaneouslywithburaepisodesin thewindfield.The inducedcurrentsareconsider-
able,up to 50cms- 1.This suggeststhatthewind-inducedcurrentis thedominant,
althoughtransientcomponentof theAdriaticcurrentfield.Onecanalsoobservethat
theresponseto thewindactionis directandprompt.The lackof freeoscillationsis
evidentin thedata:somewave-likepatternsin thecurrentrecordcanalsobetracedin
thewindfield.The lackof phaselagbetweenthecurrentandwindsuggeststhecaseof
frictionallycontrolledflow.
Consideringthemodelassumptionsandavailabledatait isapparentthatthewindand
currentdataaremostadequateforthemodelverification.In ordertoperformthecom-
parison,thesedataforthethreeburacaseshavebeenaveragedin amannersuggestedby
Scott& Csanady(1976).The resultsof averagingarepresentedin Table2.Again,one
canseethattheburainducesupwindcurrentsatbothdepths.Onecanreadilyobserve
thesmallchangeindirectionbetweenthecurrentsatthetwolevels.Themagnitudedif-
ferenceis alsosomewhatunexpectedlysmall:the35-mvalueis only30%smallerthan
the8-mvalue.Oneshouldalsonotethatanotparticularlyhighwind(6ms- 1)induces
significantaveragecurrents(10-20cms-1).
--- - -
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TABLE2.Averagewindandcurrentvaluesfor theburacases(in Cartesianandpolar
coordinatesystems)
Model to datacomparison
In order to conducta crediblemodelto datacomparison,the assumptionsand
limitationsofthemodelinquestionshouldbeclearlyidentified.In otherwords,onehas
tobesurethatthedatausedin comparisonhavebeentakenunderconditionsthatarein
accordwiththemodelhypotheses.
At thebeginningof theexperiment,asthedatain Figure5 show,theseawasnearly
homogeneouswith negligiblethermaland halinechangesthroughthe depth.The
pycnoclinedoesdevelopduringtheexperimentbutall threeburaepisodestookplacein
thefirsthalfoftheexperimentwhentheseawasclosertoatruebarotropicstate.
Next,oneshouldconsiderthelinearityof themodelanddisregardlateralof shear.
Bothassumptionspreventcomparisonofmodelpredictionstodatatakenin thecoastal
boundarylayer.In this layernon-lineareffects(Weenink,1958)and lateralshear
(Robinson,1970)becomeimportantdueto decreasingdepthand presenceof solid
boundary.SincecurrentandSTD measurementshavebeenmadeabout20kmoffshore
it isreasonabletoassumeitwasoutsidethecoastalboundarylayer.
We shouldalsoaddressthe questionof steadystate.The NorthernAdriaticis a
relativelyshallowbasinwithdepthnotexceeding60m.In suchabasinanaveragewind
stresscommonlydevelopsfrictionallycontrolledflow (Csanady,1978)with response
timeshorterthandiurnalperiod.The synopticatmosphericdisturbanceson theother
handinducemotionsof longerduration.It is thenreasonableto expectthatbura-
inducedmotionwill attainsomesortof steadystate.The lackof phaselagbetweenthe
wave-likechangesin thewindandcurrentcomponentsdepictedin Figure6 further
supportsthisnotion.
Let usalsocommentatthispointonthepossibleadverseffectsoftheopenboundary
condition.Theverticallyaveragedcurrentsplottedin Figure4(b)revealacyclonicgyre
formedoverthemodelledarea.Suchakindofcirculationcouldbeaconsequenceof the
topographicharacteristicsof thearea,butasfarasthesouthernpartof thegyreiscon-
cerned,inadequateopenboundaryconditionscouldbesuspected.In orderto resolve
thisdilemmathemodelwasextendedtocoverthewholeAdriaticwiththesamevalues
for all parametersexceptthetwicecoarsergrid. The currentdatafromtheAdriatic
modelwerethenusedasaprescribedinputto theNorthernAdriaticmodel.It turned
outthatthesouthernpartof thegyrewasinfluencedby theboundary,butthestation
usedin model-datacomparisonwasfar enoughfromtheboundaryso asnot to be
affected.
The resultsof modelto datacomparisonaresummarizedin Figure7. In theupper
partof thefigurethemeasuredvectorsaregiven,thesameasthosepresentedin Table2.
Wind (mS-I) Currents,8m (ems-1) Currents,35m(ems- 1)
NE NW NE NW NE NW
-5,7 2.1 18.9 -2,7 13.2 -0,8
Speed Azimuth Speed Azimuth Speed Azimuth
6.1 246° 19.1 53° 13.2 49°
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Figure7.Modelto datacomparisonof currentvectorsattwolevelsfor differentpairs
of bottomfriction(k)andeddyviscosity(N) coefficients.
The lowerpartof thefigureshowsthemodelresults.The realtopographycaseis, of
course,presentedfor thewindstresscorrespondingto thewindspeedof 7m s- 1 and
threedifferentpairsof coefficientsof bottomfriction(k) andeddyviscosity(N). The
solidvectorsareplottedforthedepthswheremeasuredataexistedandthedottedlines
indicatethetipsof thevectorsin between.One shouldrecallthatthemodelallows
quasicontinuouspredictionoftheverticalprofile:quasin thesensethatnoliterallycon-
tinuousrepresentationis possibleonadigitalcomputerandthatnomorethan11cal-
culatedpointswasdeemednecessaryto representthiscontinuity.The lowerleft-most
plotis themodelpredictionforabasiccasepreviouslypresented.It isapparenthatthe
firstchoiceofk andN givescurrentvectorspoorlyrelatedtothemeasuredonesbothin
termsofmagnitudeanddirection.Thepredictionin themiddleindicatesthatanorderof
magnitudeloweringof thevaluesof k (Kaese& Tomczak,1974)didnotproducecon-
siderablechange.It wasnecessarytochangebothk andN byanorderofmagnitudeto
producesignificantchangeandrefinetheprediction.As theright-mostplotreveals,this
changerectifiedbothvectorstowardstheproperdirectionwithveeringsimilarto that
.>eeni thedata.CheckingtheRMS errorconfirmsthisimprovement.Its valuefor the
originalcaseis 12.5cms-1, for theintermediatecaseit is 12.6cms-1, whereasin the
final case it goes down to 9,3 cms -1 .
However,evenin thefinalcasesomediscrepanciespersistedandcanbesummarized
asfollows:
(a) themagnitudeofboth'surface'and'bottom'vectorsistoosmall;
(b) thedirectionofbothvectorsis incorrect;
(c) the' surface'to'bottom'currentratioistoohigh.
The inadequatewindstresscanmostlikelyexplainthefirsttwoproblems.The wind
measuredatanaltitudeof 73m (10m abovegroundin Pula),andusedtocalculatethe
stress,probablydifferedin bothmagnitudeanddirectionfromthewindsimultaneously
-- ---
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blowingovertheseasurface.As hasbeenshownby SethuRaman& Raynor(1980),the
ratioof windblowingoverthewaterto theoneprevailingoverthegrounddependson
themagnitudeanddirectionofthosewinds.Theirresultsindicatethata7ms-1 off-
shorewind blowsovertheseasurfaceat 10-11m s- 1.This kindof increasein wind
speedwoulddoublethewindstressin our simulationsandundoubtedlyimprovethe
modelresultsasfarasmagnitudesareconcerned.
However,onecanreasonablydoubtthatastrongerstresswouldremovethethirddis-
crepancy.A simpleanalysisbasedonbalancebetweenthewindandbottomstressreveals
thatthequadraticlawfor bottomfrictionwouldincreasethemagnitudeofbottomcur-
rent.This raisesthequestionof appropriatenessof thelinearbottomfrictionfor the
NorthernAdriatic.The theoreticalanalysisof Csanady(1976)aswellastheempirical
studyof WinantandBeardsley(1979)showthatthe linearlaw is valid for a low-
frequencyvelocitysignalin the presenceof moreenergeticoscillationsat higher
frequencies.As followsfrom our analysisof MEDALPEX data,in the Northern
Adriatictheenergiesof wind-inducedmotionsarehigherthanthosethatcharacterize
thetidalsignalwhichcastsdoubton thevalidityof thebottomfrictionusedin the
model.The secondeffecthatcouldexplainthisdiscrepancyisthewind-stresscurl.We
haveassumeduniformwindstressin themodel,duetoinconclusivedata,althoughthere
wassomeevidenceof theburabeingweakernearRovinj thannearTriesteandPula.
Such a wind patterncould amplifyrecirculationat the latitudeof Rovinj and,
consequently,thebottomflow.
Despitethe inadequaciesjust describedthe linearthree-dimensionalmodeloffers
correctqualitativeinformationonthewind-inducedcurrentsin theNorthernAdriatic.
Its importantadvantageis simplicityin identificationandisolationof relevantphysical
processes.Onceisolatedthesemechanismscanbe studiedusingexistinganalytical
knowledge.The improvedunderstandingcanthenbe usedto build morecomplex
modelswithmoreinsightandconfidence.
Conclusions
Empiricalstudiespresentedin this papershowthatthe wind-inducedmotionhas
significantinfluenceonthedynamicsoftheNorthernAdriatic.The dataclearlyindicate
theimportanceof localwindforcingfor thecurrentfield.More specifically,thebura
windcanbesingledoutasthedrivingforcethatinducesthemostpronouncedalthough
transientcontributiontotheNorthernAdriaticcurrentfield.For thesea-levelchange,
however,the winds overthe Middle and SouthernAdriatic turn out to be more
importanthantheburaovertheNorthernAdriatic.
On thetheoreticalsideof theproblem,theinfluenceof theburahasbeenstudiedfor
thefirsttimeusingathree-dimensionalnumericalmodel.Predictedelevationdistribu-
tion resemblestheoneobtainedby Stravisi(1977).The modifyinginfluenceof the
shallowerItaliancoastalzoneon the currentfieldhasbeenclearlyidentifiedin the
verticallyaveragedcurrentfieldaswellasin surfaceandbottomfields.
The model-datacomparisonsuggestsfortheeddyviscositycoefficientvalueanorder
ofmagnitudelowerthanexpectedfromliteraturedata.Perhapsthatshouldbeascribed
to thedevelopmentof stratificationin springandconsequentweakeningof thevertical
momentumexchange.Anyhow,thesurfaceandbottomEkmanlayerswereratherthin
(-10 m).The uppercurrentmeter,apparentlylocatedattheedgeof theEkmanlayer,
registeredanupwindcurrentforallthreeepisodesofbura.
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The comparisonalsoidentifiedtheweakpointsof themodel.Resorttoquadraticlaw
forbottomfrictionandexperimentingwithawind-stresscurlseemtobetheimmediate
stepstowardsimprovingthemodel.Introductionofadvectivetermsandlateralfriction
wouldbethenextproblemstotackle.
On theempiricalside,therelationbetweenthecoastalandopen-seawindsdeserves
furtherattention.Measurementsin thecoastalboundarylayerwouldfacilitatevalidation
of thenon-linearmodelandhelptheunderstandingof theapproximationsof thelinear
model.
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